The antifouling agent tributyltin (TBT) is extremely toxic to some aquatic organisms. The accumulation of butyltin compounds in the tissues of freshwater mussels from contaminated areas in Ontario was studied in the field with caged mussels (Elliptio complanata). Mussels were placed in four sites for 11 months, and one site for 6 months, in locations of previous contamination of water and sediments. Additional cages were exposed for 5 months at two of the sites to study the effect of mussel size on accumulation. The mussels were collected at regular intervals for butyltin analysis. After almost one year of exposure at four locations, the TBT contents in tissue of mussels were 9 to 148 ng as Sn/g (wet weight). The results showed that concentrations of TBT in mussels were related to the mussel size and the concentrations of TBT in contaminated aquatic areas, and that concentrations in mussel tissue increased dramatically over winter. The results of the experiment demonstrated that caged mussels are useful for indicating the presence of TBT in aquatic systems.
Introduction
The use of tributyltin (TBT) as an antifouling agent has raised much environmental concern in recent years. TBT has been shown to be highly toxic to many non-target aquatic organisms (Maguire 1987; Waldock et al. 1987; Seligman et al. 1989) and it is an endocrine disrupting substance (Matthiessen and Gibbs 1998) . TBT has caused declines in Pacific Oyster (Crassostrea gigas) and dogwhelk (Nucella lapillus) populations in some areas (Alzieu 1991; Evans et al. 1991; Bailey and Davis 1991) . At a TBT concentration of 0.5 ng Sn/L, male sexual characteristics were observed imposed on female dogwhelks (Nucella lapillus) (Bryan et al. 1988; Gibbs et al. 1988 ), a phenomenon known as "imposex."
Tributyltin can be accumulated by freshwater and marine organisms (Maguire 2000) . In freshwater, the bioconcentration factor (BCF) is up to 900,000 for mussels (Dreissena polymorpha) (Becker van Slooten and Tarradellas 1994) , 46,000 in fish muscle (Shawky and Emons 1998) and 332,000 for algae (Huang et al. 1993) . Tributyltin and its degradation products, dibutyltin and monobutyltin, have been found in aquatic organisms in Canadian freshwater systems (Cullen et al. 1990; Stewart and Thompson 1994; Chau et al. 1997a; Yang et al. 1998; St. Louise et al. 2000) . Accumulation of TBT to levels of 0.03 to 8.80 µg g -1 and 0.02 to 0.21 µg g -1 as Sn on dry weight basis has been observed in mussels Dreissena polymorpha and Elliptio complanata respectively in Ontario, Canada (Chau et al. 1997a) . Imposex has also been observed in whelks and dogwhelks on the west and east coasts of Canada (Tester et al. 1996; Prouse and Ellis 1997) .
The use of TBT as an antifouling agent was regulated in Canada in 1989. TBT-containing paints were not allowed on vessels <25 m in length, with the exception of those with aluminum hulls. However, the regulation was only partially effective, and TBT has been found in water and sediment, and in paint chips from some non-aluminum hulled pleasure boats in Canada in recent studies (Chau et al. 1997b; Yang and Maguire 2000) . Thus, organotin compounds may continue to pose threats to certain freshwater organisms in some areas. Therefore, an investigation of the occurrence of TBT in previously identified contaminated areas was carried out to assess the accumulation of TBT by aquatic biota.
Caged mussel techniques have been widely applied in the study of the bioavailability of pollutants. In this study, mussels were used to investigate the direct accumulation of butyltin compounds in contaminated areas, and the relationship between butyltin concentrations in mussel tissues and mussel size.
Experimental Field Method
Mussels (Elliptio complanata) were collected from Balsam Lake, Ontario, on April 29, 1998. Random samples of these mussels were analyzed and found not to contain detectable amounts of butyltin compounds. After collection, the mussels were caged and placed at five locations in Ontario, some of which have been heavily contaminated by TBT. For example, Toronto Harbour, Hamilton Harbour and Kingston dry dock contained 328, 131, and 975 ng Sn/g dry weight of TBT in sediments respectively (Chau et al. 1997a ). These selected locations and water depths are: Toronto Harbour (9 m), Hamilton Harbour (13 m), Wye Heritage Marina in Midland Bay (2.5 m) on Georgian Bay, Lakeview Marina (3.5 m) in Windsor (Detroit River), and a dry dock (3 m) in Kingston Harbour. A map of the locations of the study sites is given in Fig. 1 . The cages (30 by 30 by 15 cm, LWH) were fabricated from 1.3 cm open-mesh, stainless-steel wire gauze. Clay bricks were tied at both ends of the cage to anchor the cage on the surface of sediment. Each cage contained 20 mussels, and 2 to 3 cages were placed at each location. From June of 1998 to April of 1999, three to four mussels, 6.5 to 8 cm in length were collected in the cages from each site every 30 days in summer and every two or three months in winter. At the same sites where mussels were placed, sediment samples were taken from the top 0.5 cm in June of 1998 and water samples were collected at 30 cm below surface in June and November of 1998 to provide more information for comparison. Extra cages of mussels (30 to 40 mussels) of wider size-range (5.8 to 8.4 cm in shell length) were placed in the dry lock of Kingston Harbour and in Toronto Harbour to study the effect of size on bioconcentration. After a five month exposure period, the mussels were removed and analyzed for the butyltin compounds.
Analytical Method
Analyses of butyltin compounds were performed with a gas chromatograph-atomic emission detector (GC-AED) system consisting of a Hewlett-Packard (HP) model 5890 series II GC equipped with a HP model 5921A microwave plasma AED. The operating parameters for the GC-AED have been reported elsewhere (Yang and Maguire 2000) .
Monobutyltin trichloride (MBT), dibutyltin dichloride (DBT), tributyltin chloride (TBT) and tripentyltin chloride (TPeT) used as standards were supplied by Alfa Products (Ward Hill, Mass., USA). Ethylmagnesium bromide (1.0 M in tetrahydrofuran) was obtained from Aldrich Ltd. (Milwaukee, Wis., USA). Stock solutions of organotin compounds (1000 µg/mL as Sn) were prepared in methanol and toluene. Standard solutions (1.0 µg/mL as Sn) were made monthly from stock solution.
With slight modifications, the methods of Chau et al. (1997a; 1997b) were used for the determination of butyltin compounds in mussel, water and sediment. Mussels were kept in coolers for transportation to the laboratory for individual analysis. The whole shucked mussel was digested in 10 mL 25% TMAH solution (tetramethyl ammonium hydroxide) in a 125 mL Erlenmeyer flask at 60°C for 1 to 2 h until the mussel tissue was dis- solved. After digestion, 10 mL acetic acid, 10 mL water, 12 g of NaCl and 4 mL of 0.2% (w/v) tropolone in toluene were added, and the mixture solution was magnetically stirred for 1 h. The toluene layer was carefully removed and evaporated to dryness by a stream of nitrogen. The residue was redissolved in 1 mL hexane and the solution was ethylated by 0.5 mL 1.0M ethylmagnesium bromide solution. After cleanup in a silica gel micro-column, the extract was analyzed by GC-AED. Sediment samples (2 g), after addition of acetic acid and water, were extracted by 0.3% tropolone in toluene with stirring for 1 h. An aliquot of the extract was removed and evaporated to dryness by a stream of nitrogen and ethylated and cleaned by the same procedure as that for mussels described above.
The extraction of water samples was carried out with using 2 L of water. After addition of a phosphate buffer solution and 6 mL of sodium diethyldithiocarbamate (NaDDC) solution, the water samples were extracted twice each with 100 mL hexane. After combination of the hexane and concentration, 1 mL hexane solution was ethylated and analyzed using the GC-AED system.
The limits of detection (LOD) and quantitation (LOQ) are defined as signal three times the noise and the lower limit of the calibration curve respectively. The LOD and LOQ for each butyltin species were 0.3 ng Sn/L and 1.3 ng Sn/L, respectively, for water samples, and 0.5 ng Sn/g and 2.5 ng Sn/g dry weight, respectively, for sediment. The LOD and LOQ were 0.3 ng Sn/g and 1.3 ng Sn/g, respectively, for a 2-gram wet weight sample of mussel tissue.
Results and Discussion

Relationship Between Butyltin Concentration and Mussel Size
Biological factors can significantly influence the bioaccumulation of contaminants by aquatic organisms. It has been reported that the age-size is the most important factor in bioaccumulation of metals by freshwater mussels (Elliptio complanata) (Metcalfe-Smith et al. 1996) . The relationship between butyltin concentrations in mussel tissues and mussel size was investigated.
The mussels with wide size range (5.8-8.4 cm in shell length) were used to study the effect of size on accumulation. After five months, TBT and its degradation products, DBT and MBT, were found in mussels from the dry dock in Kingston Harbour where much higher levels of butyltin compounds were present, but only TBT was found in mussels placed in Toronto Harbour. The relationship between butyltin content and mussel size from Kingston is shown in Fig. 2 . A similar relationship was also observed in Toronto Harbour. The mean concentrations (ng Sn/g on wet weight) of TBT is 19.6 ± 15.8 and 14.6 ± 9.2 for the size of the test population (5.8-8.4 cm) and (6.5-8 cm) respectively in Kingston, and 6.2 ± 6.8 and 3.5 ± 3.3 for the size (5.9-8.1 cm) and (6.5-8 cm) respectively in Toronto. The results indicated that higher and more various concentrations of butyltin compounds were found in smaller mussels. Such findings were in accord with the results of Strong and Luoma (1981) in their study of the correlation of body size of bivalves with concentrations of Cu and Ag, that smaller individuals of many bivalve species accumulate higher concentrations of the metals than the larger individuals because of their more rapid uptake rate.
Accumulation of Butyltin Compounds in Freshwater Mussels (Elliptio complanata)
Freshwater mussels, Elliptio complanata, have been shown to have better sensitivity and less individual variation to exposure in the bioaccumulation of metals than another dominant species (Lampsilis radiata radiata) in the St. Lawrence River (Metcalfe-Smith et al. 1996) . They were also selected for this study. Adult mussels of similar size were used in the study of the uptake of butyltin compounds to reduce possible variability in bioaccumulation due to age and size. It was demonstrated in this study that the size of the mussel has a direct effect on the concentration of butyltin compounds.
Locations with higher concentrations of TBT in water were generally found to have higher TBT concentrations in sediment. DBT and MBT were frequently detected in sediment, but not in water samples (Table 1) . In water samples from harbours and marinas, the concentrations of TBT were higher in summer than in fall, but no obvious change was found in the dry dock of Kingston. The seasonal variation of TBT concentration in water of small marinas in Ontario has been related to boating activities -higher concentrations of TBT in water were found in summer in all those marinas (Yang and Maguire 2000) . The butyltin concentration in sediments did not vary much over the season (Chau et al. 1989; Gómes-Ariza et al. 2000) .
The concentrations of butyltin compounds in mussels over the exposure periods in all locations are shown in Fig. 3 . The mussel exposure in the field started on May 5, 1998, and the whole exposure periods were 11 months at four locations and 6 months in Toronto where the cages were lost in the winter. The TBT concentration in mussels increased rapidly during the first month of exposure, then was relatively steady over the summer before increasing in winter at most locations. The accumulation trends in the summer months were comparable with the results of other caged mussel studies (Chau et al. 1989; Becker van Slooten and Tarradellas 1994) . After exposure for a month, the uptake and elimination of TBT in mussels relatively equilibrated during the summer.
Compared to TBT, the concentrations of DBT and MBT were much lower and they were only present in exposed mussels from the highly contaminated areas, such as Kingston and Midland. The lower uptake rates of DBT and MBT by mussels were attributed to the fact that both DBT and MBT are less lipophilic than TBT, thus lower accumulation in mussel tissues (Tsuda et al. 1988; Morcillo et al. 1999) . The concentrations of DBT and MBT in mussel tissues did not vary greatly over the exposure period, even when TBT increased substantially in the winter period.
The relationship between concentrations of TBT in mussel and sediment or water is complicated. The concentration of TBT in mussels might also be affected by other site conditions, such as current, depth, and sediment type, in addition to the concentrations of TBT in these areas. The highest TBT in mussels occurred at the most contaminated areas. In the Kingston dry dock where paint stripping, painting and repairing of ships were carried out, concentrations of butyltin compounds were found to be the highest in water and sediment, as well as in mussels. In Windsor, the caged mussels were placed in the entrance of the marina where water currents were high and lower TBT level was detected in water and sediment. The concentration of TBT in mussels was also low in this location.
Uptake of TBT from sediment did appear to be significant with the mussel species E. complanata (Chau et al. 1997a ). The concentration of Fig. 3 . Concentrations of butyltin compounds in mussels (ng as Sn/g wet weight) exposed in a. Kingston, b. Midland, c. Hamilton, d. Windsor and e. Toronto. butyltin compounds in sediment could directly influence their concentrations in the interstitial water at the sediment-water interface. At present, the mechanism of uptake of organotins by biovalves is still unclear (Becker van Slooten and Tarradellas 1995) .
The concentrations of butyltin species in mussels in Kingston, Midland and Hamilton and the ratio of [TBT]/[Total butyltin] for different exposure periods are presented in Table 2 . The ratio of concentrations of TBT to those of its degradation products is often used as an indication of its degradability in different media or by different organisms. In this study, the ratios of [TBT]/[Total BT] in the summer were observed to be lower than those in winter, and close to the ratio in native mussels from a previous study in Ontario. The average ratio was ca. 0.43 for native Elliptio complanata in a study in the summer of 1996 (Chau et al. 1997a) .
The uptake of TBT was reported to be a rapid process by other authors; as a result, most of their bioaccumulation studies in the field lasted only 3 to 6 months without going through the winter season (Chau et al. 1989; Becker van Slooten and Tarradellas 1994) . In the present study, the level of TBT in mussel tissue was found to increase substantially in winter. The higher ratio of [TBT]/[Total BT] (Table 2) and the increased TBT level in mussel in the winter is not fully understood; it may possibly be due to the generally slower metabolism of the TBT in colder weather.
Bioaccumulation of TBT by aquatic organisms is a complicated process. It is affected by a number of natural factors. Because of mussels' increased feeding in summer time, uptake rates are expected to be higher during this period. The concentrations of TBT in mussels in different seasons are related to the temporal variations of TBT in water and sediment and also to the seasonal fluctuations of dry weight of mussels (Becker van Slooten and Tarradellas 1994; Gómes-Ariza et al. 2000) . Actual conditions in the field could also result in stress to the test organisms and affect bioaccumulation. In the present study, we noticed a luxuriant growth of zebra mussels (Dreissena polymorpha) in summer, which grew all over the cage and even on the caged mussels' shells, although the zebra mussels were removed at times of sampling. This occurred at most sites in summer except at the Windsor marina. The effect of zebra mussels on the caged mussels needs further study. Such interference did not occur in winter. It is clear that, after the regulation of antifouling uses of TBT in Canada in 1989, TBT was still found in some locations in Ontario, and in paint grits from some small boats, and its concentration in water frequently exceeded the interim Canadian water quality guideline for the protection of aquatic life (3.3 ng Sn/L) (Yang and Maguire 2000) . The butyltin compounds were found to be heavily accumulated in mussels in TBT-contaminated areas, such as Dry Lock in Kingston etc. The uptake of TBT by mussels was related to the exposure time, mussel size-age, and the concentrations of TBT in water and sediment. Compared to TBT, the uptake rates of DBT and MBT were much lower. The different ratios of TBT and total butyltin compounds in mussels between summer and winter suggested slower metabolism in winter.
Despite the other chemical and physical factors which may affect the uptake of TBT in mussel tissues, the experimental results showed that the accumulation of TBT was related to the concentrations of TBT in contaminated aquatic areas. TBT is still present and bioavailable in some aquatic areas in Canada and caged mussels are useful for indicating the presence of TBT in these areas.
